The aim of a sensitivity analysis is the exploration of changes in model output induced by changes in model input. Such analysis was used in a multitude of papers and case studies to improve the understanding of model behaviour. The novelty of this paper is that the pictorial power of the Geo Information System (GIS) technology is used to display sensitive parameters for combined sewer models taking into account different applications. Results of this study are maps of parameter sensitivities, divided in four applications: 1) uncertainty maps that display regions with high potential for producing model result uncertainties; 2) calibration maps that reveal regions for putting excessive effort into both measurement and calibration of parameters; 3) vulnerability maps, indicating the consequence in case of a system failure; 4) design maps that indicate elements of the system where an increase of capacity results into a valuable improvement. The aim of this article is to highlight advantages and constrains of such GIS based applications of sensitivity analysis for combined sewer models. As conclusion, it was demonstrated, that for all applications, GIS-processing is useful for analyzing and discussing the sensitivity of model parameters and its spatial dimension to get a comprehensive view of the combined sewer system.
INTRODUCTION
The aim of a sensitivity analysis is the exploration of changes in model output induced by changes in model input. Sensitivity analysis is a state of the art method and used in applications and case studies to improve the understanding of model behaviour and to enable a separation in sensitive and insensitive input parameters. The novelty of this paper is that the pictorial power of the Geo Information System (GIS) technology is used to display sensitivity analysis for combined sewer models taking into account different applications, some of which are described in the following:
A model has to be calibrated before it is used as a decision support. For instance in OsuchPajdzinska and Zawilski, (1998) the sensitivity of a storm sewer model towards changes in particular parameters is studied. It was found, that only few of various model parameters decisively affect the final modelling results. Similar findings have been reported in Kleidorfer et al., (2009) for a conceptual sewer model. Combining sensitivity analysis with Monte Carlo techniques the authors demonstrate that only a certain number of measurements have to be sampled for proper calibration. The process of calibration after the sensitivity analysis can be made manually or automatic. In di Pierro et al., (2006) automatic calibration of urban storm water runoff models was investigated. Not only single, but also multi objective functions are used to control the required optimization method. A spatial reference of the sensitivity of parameters towards calibration would be of great value for both, manual and automatic calibration. For the latter, sensitivity maps can be also used in the pre-process for spatial distributed grouping of calibration parameters.
Input parameter uncertainties are an inherent feature of each combined sewer system model and evidently decrease the accuracy of model output. For instance Bertrand-Krajewski et al., (2003) accounted for sensor calibration, data validation, measurement and sampling uncertainties in monitoring urban drainage systems. Therefore, amongst others, James et al., (1998) discussed the optimization of influences from uncertainty, complexity and cost for modelling combined sewer systems. Costs for model construction are of interest for consultants and also for research to calculate total costs of projects. Results of James (1998) show a correlation between costs and uncertainties. With a GIS based application of sensitivity analysis, those uncertainties can be considered in the modelling process more effective and thus costs for model construction can be reduced.
The risk of a system is calculated by multiplying its vulnerability with the related hazard (UN DHA, 1992) . When multiplying hazard zone maps with combined sewer network vulnerability, risk of combined sewer overflow and pluvial flooding is obtained. An example for a system-wide vulnerability assessment approach is shown in Ezell, (2007) . Therein a value model was used to measure the vulnerability of infrastructure systems (Infrastructure Vulnerability Assessment Model, I-VAM). Vulnerability assessment tools (Brashear and Stenzler, 2007) aid in describing critical facilities and assets to protect by identifying system vulnerabilities and determining the level of protection to which the security system should be designed. Based on these assumptions, in Moderl et al., (2009) a spatial distributed sensitivity analysis is used to identify weak points in urban drainage systems. Thereby parameter variation for sensitivity analysis is assessed according to the impact of a potential hazard on a network element.
Despite some work has been done for specific cases, a coherent discussion of advantages and constrains of such GIS based applications of sensitivity analysis for combined sewer models has not been reported in the literature. The aim of this paper is to provide such discussion.
MATERIAL AND METHODS
In this work, the GIS based application of sensitivity analysis is shown for combined sewer systems. In a first step, the sensitivity of model response towards parameter changes is investigated with a local sensitivity analysis. This is done by changing the values in the vector of model parameters independently, i.e. one after the other. The response can be spatially referenced at the location of its origin using GIS. To indicate and compare model results of pluvial flooding and combined sewer overflows, a multitude of SWMM5 (Rossman, 2004) simulation with design storm events are elaborated. A module was developed and implemented in the free available SAGA GIS that performs sensitivity analysis and spatial referencing of results in parallel on multi core systems within a reasonable time span (hours to days). This module was tested with 250 virtual case studies and four real world systems (Moderl et al., 2009a) for software bugs to ensure the high quality of results. Methods to get sensitivity maps are discussed in detail in the following.
Discussion of Sensitivity analysis
In the literature, e.g. in the special issue 22 of the Risk Analysis Journal, methods for sensitivity analysis are identified and discussed (Frey and Patil, 2002) . Techniques for sensitivity assessment range from quantitative variance-based methods to other forms of global sensitivity with regional properties (Pappenberger et al., 2006) , down to the simplest screening approaches which vary one model parameter at a simulation run and evaluate the variation in the model output, e.g. the One Factor At a Time method (OAT). While in this paper the OAT method is used, the approach can be simply adapted to cope with more complex analysis techniques (regional, global sensitivity analysis etc.) in future work.
Configuration of parameter variation according to application
In this paper, four applications of sensitivity analysis are investigated, i.e. model calibration; uncertainty assessment; vulnerability identification; conduit and storage volume design. Each of those applications corresponds to a spatial identification and variation of model parameter values for sensitivity analysis. 1) For model calibration the investigated parameters are catchment imperviousness and conduit roughness, which are both limited by physical boundaries. The resulting map displays where one can start with parameter variation and how can one group these parameters, for manual and automatic calibration, respectively. 2) For uncertainty assessment conduit-length is investigated as an example of measurement error. Examples from practice reveal that pipe lengths are determined with an error margin up to 100%. In this case uncertainties are a consequence of measurement errors. The resulting map displays the influence of such error to model predictions. 3) For the identification of vulnerabilities the investigated parameter is conduit-capacity.
Setting the capacity to zero is equivalent to simulate a collapse of the conduit. The resulting map displays elements of the system which are highly vulnerable, which means that the impact of the hazardous event is tremendous. 4) The investigated parameters for conduit and storage design are conduit-cross section and storage unit-volume. Varying these parameters represents possible measures to increase transport and storage capacity (e.g. replacing a conduit with a higher diameter and providing more storage volume). If failing conduits are replaced, the diameter can be newly designed. For that case this map indicates sites where an increased conduit capacity is most effective. In Table 1 the parameter configurations are summarized. These model variations are only a small selection in the frame of a sensitivity analysis. For other questions other parameter variations can be introduced.
Changes in model output
In order to assess the behaviour of a system it is not worthwhile to display the system states in spatial and temporal dimension, but instead use performance indicators as an information filter. It is clear that the performance indicators have to be a sufficient surrogate for the type of system behaviour that is under question.
In the presented methodology performance indicators have to indicate changes in model output of combined sewer systems, most important water pollution and urban flooding. While 7 different performance indicators have been tested, only the 3 most illustrative ones are presented and discussed in the following. All of them range between 0 (worst performance) and 1 (perfect system behaviour):
 The CSO efficiency is used in Austrian guidelines to evaluate a combined sewer system's performance over a simulation period of at least 10 years with recorded rainfall data. The indicator represents the percentage of surface runoff which reaches the waste water treatment plant as an average over the simulation period. Instead of simulating over 10 years each, here artificial design storms (single events) are used for estimating the performance. It is clear that the results do not exactly correspond with the methodology from the guidelines, but it can be used to compare behaviour of systems to different boundary conditions. The performance indicator is calculated based on the ratio of total overflow volume of the entire system and total surface runoff generated.
 Surcharge is a result of insufficient transport capacity in pipes and should be avoided. Zones of surcharge can mutate to a flooding region if more intensive rainfall is predicted in future, and thus relevant for design. The indicator value for surcharge equals the number of surcharged nodes divided by the total number of nodes.
 When estimating urban floods due to sewer system overloads usually a highly spatial distributed evaluation is required to identify possible weak points in the system. In contrast, when using a one dimensional model the flooded volume per manhole is assessed. Here we use a system-wide performance indicator which should indicate the probability of damage caused by pluvial flooding. For this, at each junction a weighting function is evaluated. This function is one if zero pluvial flooding occurred and equals zero if 50 cubic metres are flooded in the simulation period. Finally, the average for all nodes is calculated and used as value of the performance indicator.
According to the different applications, performance indicators are chosen as listed in Table 1 . 
Spatial representation
For each parameter variation of a network element first the corresponding result to the model output (i.e. variation in the performance indicator) is calculated. Second, this variation in the performance indicator value is then spatially allocated to the cause (the network element under question). With this definition it is possible to draw sensitivity maps using GIS. For regional sensitivity analysis, which means that two or more parameters are varied simultaneously, this definition is enhanced. To join results of regional sensitivity analysis, model responses are collected at the locations of all corresponding elements. Therewith, it is possible to map e.g. the maximum sensitivity for each element.
Description of case study
As case study, an alpine city is chosen. The city is drained with a combined sewer system. The sewer system is gravity driven and includes only one pumping station. There are some storage units to reduce the combined sewer overflows of several outfalls. The city is separated with two main rivers in three subsystems. One culvert connects the upper with the lower subsystem in the South, another one the northern with southern side.
The models of the system are both a detailed and a simplified hydrodynamic representation in the SWMM software. The simplified model reduces the 5 500 nodes of the detailed one to app. 300 nodes. Despite this significant reduction it was still possible to identify sensitive locations/regions with sufficient accuracy. The parallel simulations for all 4 maps took less than one hour for the simple model, while more than one week is required for the same task with the detailed model -both using a high end PC with 24 cores. Future work should analysis the influence of the level of detail on the sensitivity results.
RESULTS
Results of this study are maps of local sensitivities of model parameters divided in four applications: 1) uncertainty maps that display regions with high potential for producing model result uncertainties; 2) calibration maps that reveal regions for putting excessive effort into both, measurement and calibration of parameters; 3) vulnerability maps, indicating the consequence in case of a system failure; 4) capacity design maps that indicate those elements of the system where an increase of system capacity results into a substantial performance improvement. Further, the informative value of all these maps is discussed and shown on a case study.
Model calibration
In order to guarantee accurate predictions each model has to be calibrated prior to its use. In the presented case, discharge volumes into the receiving water body are investigated. Thus, a calibration map is drawn, joining sensitivity of a global system indicator for CSO efficiency to the corresponding elements (Figure 1) . Such a map indicates these regions where effort should be put into data assimilation and parameter estimation in order to achieve a good calibration. As a counterargument, the other regions are not decisive for the calibration effort and might be neglected in the procedure. Both pipe roughness and percentage of imperviousness of the sub-catchment area are the parameters often used for model calibration (with the latter clearly more important). Thus, the sensitivities of these parameters are analysed. The conduits indicated in green, located in the lower mid side can be used to increase the value of the indicator by increasing the roughness. The red conduit in the upper east can be used to reduce the value of target indicator. Decreasing imperviousness of the subcatchment connected to junctions in the lower east leads to an increased indicator value to be compared with real world. In contrast to the aid in the frame of the calibration process this map can also be used for the determination of measurement sites. At locations with dark red or dark green elements the determination of a model parameter is most affective to ensure reliable results.
Figure 1. Calibration map

Uncertainty assessment
Uncertainty assessment is a technique that indicates the faith which we can have in the model results. It should be applied not only in the frame of model development, but also together with model application. Uncertainty maps are a descriptive option to visualize uncertainties. These maps display regions which have a high impact on the overall uncertainty of the model. In the presented case measurement uncertainties are taken into account, but also other sources of uncertainties can be visualized. Although the determination of the length of a conduit is simple and not cost intensive, data assimilation of sewer systems is frequently accompanied by significant errors in the determination of pipe length, as already discussed in the Methods section. Reasons for that can be both blunt errors and sloppiness due to under time pressure. In this context, the sensitivity map below is calculated based on the variation of pipe length (it is doubled), and measured with a system indicator for surcharge. The length of the conduits indicated with dark red and dark green colour should be determined with more effort than the length of other conduits (Figure 2 ). Longer pipes result in higher absolute change. However, also short pipes show sensitive behaviour.
Figure 2. Uncertainty map
Vulnerability identification
Identification of vulnerability is usefully in the frame of a risk analysis as critical pointsrevealing high risk in the system -can be eliminated after detection. Vulnerability maps indicate the impact in case of a potential system failure. These maps aid the identification of critical points. As an example, conduit collapse is investigated herein, but other hazardous events as e.g. surcharge of combined sewer overflow or pump failures can be simulated as well. Traffic accidents with explosive goods or system aging can cause such a collapse of a conduit. For the vulnerability map, the capacity of each conduit is reduced to zero and the consequent sensitivity to pluvial flooding is mapped. In Figure 3 a vulnerability map of the case study is drawn. The conduits in dark green colour induce a positive effect on pluvial flooding, while dark red indicates flooding increase. Collapsed pipes, which result in an improvement, reduce the flooding, because more water is discharged in the receiving water body.
Figure 3. Vulnerability map
Conduit and storage design
One of the most important applications of an urban drainage model is to determine required cross section design e.g. in the frame of adaptation or rehabilitation planning. For that purpose, a sensitivity map is drawn, based on the variation of conduit capacity. The sensitivity of conduits is measured by the system indicator for pluvial flooding. To reduce zones with flooding the change of those cross section capacities indicated with green and orange are most effective. Other conduits reveal low sensitivity. Further, the impact of a storage unit is evaluated. Placement for storage units with a capacity of 10,000 m³ is identified by placing such a volume to each manhole. The impact of the storage volume on CSO emission efficiency is visualized. Best sites for storage are indicated with green colour. This is the only map that shows only increase in performance.
In the case of the design map towards storage units, it has been possible to compare the outcome with the result of a best practice planning process of a consultant. The conclusion regarding design where nearly identical, but the time for the investigation diverges significantly. For best practice techniques months of repeated calculations can be required in complex systems to get the same results as can be achieved in hours via the automated method. 
CONCLUSION
Sensitivity analysis is commonly used for model analysis and application. This paper introduces the systematic application of GIS technology for this task. An overview is given on those applications where the automated and GIS based approach reveals extensive advantage. Maps for model calibration, cross section design, storage unit placement, uncertainty assessment and vulnerability identification are introduced and the use for sensitivity propagation is discussed. Key feature of this innovative approach is the definition of spatial join of local and global sensitivities. Further, the informative value of all the created maps is demonstrated with a case study.
The method for sensitivity analysis used in this paper, is the simple one factor at a time method. Future work could focus on a GIS based application for global sensitivity analysis using advanced mathematical techniques. Future work should also analyse the impact of the level of complexity in the model on sensitivity results, in order to achieve the optimum result considering both, reliable results and time requirement of calculations.
